Using a Monte Carlo minimization approach we report the global minima for metal clusters modelled by the SuttonÈChen family of potentials containing up to 80 atoms. The resulting structures are discussed in the light of both experimental and theoretical data for clusters of the appropriate elements.
The structure is the most fundamental property of a cluster and is important for understanding all aspects of chemical and physical behaviour. Unfortunately, there is, as yet, no direct method for determining the structure of free clusters in molecular beams. Instead, one has to measure properties that depend upon geometry and then try to infer the structure by comparing the results with the predictions of models. This approach has been combined with techniques such as electron di †raction,1 mass spectral abundances,2 chemical reactivity,3 magnetism4 and X-ray spectroscopy. 5 For transition metal clusters a wealth of structural information is now becoming available from increasingly sophisticated experiments. One of the most powerful techniques is the Ñow-reactor approach, which probes the chemical reactivity of size-selected clusters. For example, this method has been applied to nickel clusters using nitrogen as the chemical probe, to give detailed information for all sizes up to 71 atoms.6h10 From these data it has been possible to make structural assignments around 13 and 55 atoms (sizes of complete Mackay icosahedra11). However, in the size range 29 O N O 48 only one structural assignment has so far been made because of the large number of possible geometries to be considered and the presence of multiple isomers. 9 Hence, it is increasingly important for theory to guide the interpretation of experiment by producing reliable structural models. However, for transition metal clusters this is an extremely demanding task. It is now becoming possible to perform ab initio calculations for clusters at the larger end of the size range that we consider here (N O 80)12,13 but only for a few Ðxed structures of high symmetry. It is not feasible to perform the extensive search of the potential energy surface required to Ðnd the most stable structure. Instead, one has to use empirical potentials. Even with these simpliÐed descriptions of the interatomic interactions it can be a very difficult task to Ðnd the global minimum for the size range considered here. However, we are conÐdent that in this work likely candidates for the global minima have been located. Our optimism is based upon the performance of the chosen algorithm in previous studies14 and the large database of structures we have acquired through work on clusters bound by the Morse potential. 15, 16 Atomic clusters usually adopt one of three morphologies : icosahedral, decahedral or close-packed. Particularly stable examples of each are illustrated in Fig. 1 . Icosahedra and decahedra exhibit Ðve-fold axes of symmetry, which is possible in Ðnite systems due to the absence of translational periodicity. The Mackay icosahedron11 [ Fig. 1(b) ] can be decomposed into 20 face-centred cubic (fcc) tetrahedra sharing a common vertex. Decahedra are based upon pentagonal bipyramids made up of Ðve fcc tetrahedra sharing a common edge. The most stable decahedral form, the Marks decahedron17 [ Fig. 1(c) ], involves further facetting to make the cluster more spherical whilst keeping the proportion of the surface exhibiting M100N facets to a minimum. The most stable fcc These clusters have optimal shapes for the three main types of ordered packing seen in this study : face-centered cubic (fcc), icosahedral and decahedral, respectively. The latter two morphologies cannot be extended to the bulk because they possess Ðve-fold axes of symmetry. All three structures are global minima for the SC 12È6 and 9È6 potentials while only the Mackay icosahedron is not the global minimum for the 10È8 potential cluster is the truncated octahedron. All three morphologies are commonly seen in the metal clusters supported on surfaces. 18 In this paper we seek to further our understanding of transition metal clusters and aid structural assignments from experimental data by performing global optimization for clusters containing up to 80 atoms described by the SuttonÈChen family of potentials. In the next section we describe the methods used and in the following section we describe the structures of the global minima and compare them to experimental results and previous theoretical studies.
Methods

Potentials
The SuttonÈChen (SC) potential has the form :19
c is a dimensionless parameter, e is a parameter with dimensions of energy, a is the lattice constant, and m and n are positive integers with n [ m. We use the n, m and c parameters given by Sutton and Chen19 for the metals Ag, Ni and Au ; Rh has the same scaled parameters as Ag, Cu the same ones as Ni and Pt is the same as Au, so the corresponding results for these metals can be obtained from their partners by rescaling. For Ag and Rh, n \ 12, m \ 6 and c \ 144.41 ; for Ni and Cu, n \ 9, m \ 6 and c \ 39.432 ; for Au and Pt, n \ 10, m \ 8 and c \ 34.408. In the present calculations we employed reduced units with e \ 1 and a \ 1. The tabulated results may therefore easily be rescaled for any of the above elements. The appropriate energy is given by multiplying the reduced energy by e, whilst the coordinates need to be multiplied by a, the lattice constant. The SuttonÈChen potential incorporates an approximate many-body representation of the delocalized metallic bonding, but it does not include any directional terms, which are likely to be important for transition metals with partially occupied d shells. 19 Numerous studies, particularly of surfaces and bulk, have now employed SC potentials and we will only mention a few of these here. For platinum (10È8) and rhodium (12È6), the appropriate SC potentials correctly predict the experimental ordering of the direct and exchange surface migration processes. 20 Todd and Lynden-Bell found that surface energies, stresses, relaxation and reconstructions of fcc metals were reasonably well reproduced by SC potentials,21 while Blumberg et al. employed the SC framework to study stress-induced failure in metals. 22 The melting of platinum and the stability limit of the crystalline phase were also investigated along with the surface free energy using order parameter techniques. 23 Hammonds found that SC potentials generally perform better in describing microfacetting reconstructions and step roughening than for contractive surface reconstructions.24 LyndenBell investigated induced disorder, failure and fracture of metals under uniaxial tension using SC potentials and gained new insight into the corresponding mechanisms. 25 The popularity of SC potentials is partly due to the computationally tractable form adopted for the many-body forces, as well as the reasonable agreement with experiment. It is the relatively simple analytic form of the potential that has enabled us to produce a thorough account of global minima in the present work.
Global optimization methods
The main method we used to Ðnd the lowest minima is based upon Li and ScheragaÏs Monte Carlo minimization26 or " basin-hopping Ï algorithm, which we have recently employed for several systems. 14, 16, 27 This approach belongs to the family of " hypersurface deformation Ï methods28 where the energy is transformed, usually to a smoother surface with fewer minima. The lowest minimum of the new surface is then mapped back to the original surface, but there is no guarantee that the global minima on the two surfaces are related and often they are not. 15 In contrast, the transformation that we apply is guaranteed to preserve the global minimum. The transformed energy is deÐned by where E3 E3 (X) \ minME(X)N, X represents the vector of nuclear coordinates and min signiÐes that an energy minimization is performed starting from X.
The topography of the transformed surface is that of a multi-dimensional staircase. Each step corresponds to the basin of attraction surrounding a particular minimum, that is the set of geometries where geometry optimization leads to that minimum. The transformation has a signiÐcant e †ect on the dynamics. Not only are transitions to a lower energy minimum barrierless, but they can also occur at any point along the boundary between basins of attraction, whereas on the untransformed surface transitions can occur only when the system passes along the transition state valley. As a result intrawell vibrational motion is removed and the system can hop directly between minima at each step. The success of the basin-hopping method for potential energy surfaces that exhibit multiple funnels has been explained elsewhere in terms of the thermodynamics of the transformed landscape. 27 Similar methods have been used in studies of biomolecules.29h31
To explore the surface we have used canonical Monte E3 Carlo (MC) sampling at reduced temperatures of T * \ 30, 5 and 10 for the 12È6, 10È8 and 9È6 potentials, respectively, where the reduced temperature is kT /e. To restrict the conÐguration space to bound clusters we reset the coordinates to those of the current minimum in the Markov chain at each step.
In our recent application to Lennard-Jones clusters the MC minimization approach outperformed all other methods in the literature, Ðnding all the known lowest energy Lennard-Jones clusters up to 110 atoms, including those with non-icosahedral global minima.14 All our published results are available in downloadable form from the Cambridge Cluster Database. 32 In a recent study we found the global minima of clusters bound by Morse potentials for all sizes up to 80 atoms as a function of the range of the interaction.15,16 For this potential there are at least 350 di †erent global minima in this size range. Most of the global minima have icosahedral, decahedral or closed-packed structures, and these were mainly found by considering the structures that have the largest number of nearest-neighbour contacts for each morphology.33 To complement the basin-hopping calculations in the present work we reoptimized all the Morse global minima and low-lying structures for the SC potentials.
Results and Discussion
The energies and point groups of all the global minima are given in Table 1 . The basin-hopping algorithm found 95% of the 12È6 global minima, 94% of the 9È6 and 85% of the 10È8. Five runs from di †erent random starting points consisting of 5000 MC steps each were used for each cluster size. These results generally conÐrm the utility and robustness of the basin-hopping approach. Most of the failures occur when the global minimum has a close-packed geometry that is only marginally lower in energy than an icosahedral or decahedral structure. In such cases the topography of the potential energy surface is likely to have multiple funnels, a scenario that often makes global optimization extremely difficult.27, 34 We have not made any systematic attempt to Ðnd the optimal tem- It is interesting to note that 91% of the 12È6 global minima are also global minima for Morse clusters, 63% of the 9È6 and 39% of the 10È8. The decreasing percentages reÑect the relative propensity of these potentials to give clusters with ordered structures of icosahedral, decahedral or close-packed morphologies. These values also conÐrm our suggestion that the database of Morse global minima would be useful in providing candidate structures for studies with more sophisticated potentials.16 Furthermore, the results imply that some of the factors determining which isomer of a particular morphology is most stable are the same for a simple pair potential and for the more realistic many-body potentials used here.
Indeed, virtually all the SuttonÈChen clusters that have an ordered icosahedral, decahedral or close-packed structure were found in the reoptimization of the larger Morse database (global minima and low-lying isomers), where the primary structural principle is the maximization of the number of nearest neighbours.
The results presented here match or better all previously published results for SuttonÈChen clusters. We seem to have found the same structures as Nayak et al., who examined all 9È6 clusters with N O 23, though we cannot be sure of this because no energies were given in that paper. 35 Uppenbrink and Wales studied a selection of 12È6 and 10È8 clusters in terms of their thermodynamics and dynamics.36 They attempted to Ðnd the global minima by performing regular minimizations from molecular dynamics trajectories. It is interesting to note that for the two largest sizes they considered (N \ 40 and 55), the true global minimum was found in only one of the four cases.
Silver and rhodium (SC 12-6) clusters
The structures of the 12È6 global minima are illustrated in Fig. 2 and the energies are plotted in Fig. 3(a) . A function of the form a ] bN1@3 ] cN2@3 ] dN, which has been Ðtted to the energy, is subtracted to emphasize the size dependence. In Fig. 3(b) is also illus-
measures the stability of a structure with respect * 2 E to neighbouring sizes. Peaks in have been found to cor-* 2 E relate well with the magic numbers observed in mass spectra,37 that is the sizes at which clusters are particularly abundant.
From Fig. 3(a) it can be seen that the most stable structures occur at sizes corresponding to complete Mackay icosahedra11 (N \ 13 and 55). This result was expected ; it has been estimated from comparisons of stable sequences of clusters that the Mackay icosahedra are lowest in energy for up to a few thousand atoms for this potential.38 This result also agrees with an ab initio study of silver clusters where, at the few sizes considered, icosahedra were always lower in energy than fcc structures. 13 The predominance of icosahedral morphologies might also be expected from the behaviour of the Fig. 3 (a 
O 80.14 However, for the SC 12È6 potential there are only 30 icosahedral global minima in this size range ; at sizes between the complete Mackay icosahedra other types of structure become lower in energy. Clearly the many-body part of the potential is important in determining the most stable structure.
Initially the growth sequence is similar to that of LennardJones clusters. From N \ 7 to 13 growth occurs by capping the seven-atom pentagonal bipyramid and leads to the 13-atom icosahedron. The one exception is the eight-atom cluster for which a deltahedral dodecahedron is lower in energy than the capped pentagonal bipyramid. Growth on a Mackay icosahedron can occur in two ways. In the Ðrst, the anti-Mackay overlayer, the atoms are added in sites that are hexagonal close-packed (hcp) with respect to the 20 tetrahedra that make up the icosahedron ; for example, for the 13-atom icosahedron atoms are added to the centres of the faces and to the vertices. In the second, the Mackay overlayer, the atoms are added in sites that are fcc with respect to the underlying tetrahedra, which leads to the next Mackay icosahedron. From N \ 14 to 21 growth occurs in the anti-Mackay layer, passing through the stable 19-atom double icosahedron (Fig.  3 ). However, above this size there are many types of competing structure and the global minimum changes frequently with size. Not until N \ 51 are the structures again uniformly icosahedral, leading to the complete Mackay icosahedron at 55 atoms ; Mackay icosahedra with one and two faces missing do give rise to the shallow minima in the energy plot at N \ 46 and 49 [ Fig. 3(a) ].
Some of the global minima exhibit decahedral and closepacked morphologies. In Table 1 the close-packed clusters have been divided into those that are hcp, those that are fcc and those that involve a mixture of stacking sequences and twin planes. The most stable cluster in this intermediate size range is the 38-atom truncated octahedron [ Fig. 3(a) ]. The stability of this structure has recently been recognized in both theoretical15,16 and experimental9 work. Its shape is close to the ideal Wul † polyhedron and it is the only fcc structure that is the global minimum for the Lennard-Jones potential in this size range. 15 For some of the decahedral clusters the (pseudo)-Ðvefold axis is not always obvious ; it is obscured by overlayers on the M111N faces surrounding the axis at N \ 25, 30, 45 and 48 for this potential (and at N \ 45, 48, 58 for the 9È6 potential). Also, two global minima (N \ 22 and 23) do not belong to any of the ordered morphologies. The 23-atom structure is based on two distorted face-sharing icosahedra and has been found before for Morse clusters ;16 the 22-atom structure is similar.
Growth on the 55-atom Mackay icosahedron again begins in the anti-Mackay overlayer ; this leads to the weak minima in the energy plot of Fig. 3(a) at N \ 58 and 61, which correspond to complete overlayers on one or two faces of the icosahedron. However, decahedral structures soon become lower in energy. From N \ 63 a growth sequence begins, which leads to the 75-atom Marks decahedron. The latter structureÏs stability is clear from Fig. 3 .
Unfortunately, it is difficult to make any critical assessment of the performance and reliability of the SC 12È6 potential because there has been little theoretical or experimental work on the structure of silver or rhodium clusters in the size range we consider here.
Nickel and copper (SC 9-6) clusters
The 9È6 global minima are illustrated in Fig. 4 and the size dependence of the energies and are given in Fig. 5 . The * 2 E Fig. 4 Structures of the global minima for SC 9È6 clusters latter Ðgure is very similar to that found for the 12È6 clusters ( Fig. 3 ) : Mackay icosahedra are again most prominent, followed by the truncated octahedron and the Marks decahedron. However, the di †erences between the depths of the icosahedral (N \ 13, 55) and non-icosahedral (N \ 38, 75) minima in the energy plot in Fig. 5(a) are reduced compared to Fig. 3(a) . This reÑects a slight stabilization of the fcc and decahedral structures with respect to the icosahedra. Moreover, there are no subsidiary minima in the energy plot due to icosahedral structures at N \ 19, 46 and 49. In total there are only 11 icosahedral minima in the size range 13 O N O 80. Two additional close-packed structures at N \ 50 and 59 become more prominent in Fig. 5 . The 50-atom cluster has point group symmetry and has a twin plane passing D 3h for SC 9È6 clusters. In (a) the energy
, where the coefficients have been chosen to give the best Ðt to the energies through the centre ; each half of the cluster on either side of this twin plane is a fragment of the 38-atom truncated octahedron. An analogous structure is the global minimum for N \ 79. The 59-atom cluster is based on the 31-atom truncated tetrahedron with the four sides covered by seven-atom hexagonal overlayers. Both are global minima for Morse clusters. 16 Probably the biggest di †erence from the 12È6 clusters is the large number of global minima in the range N \ 16 to 44 that do not belong to any of the ordered morphologies. There are 25 such structures. The central atom of the 15-atom cluster is 14-coordinate. This structure is one of the FrankÈKasper coordination polyhedra39,40 and is the global minimum for a long-ranged Morse potential.16 A single negative disclination41 runs through this cluster. The 16-and 17-atom structures are based on the 13-atom Ino decahedron with three and four of the square faces capped, respectively. However, the structures distort so that two caps approach to form a nearest-neighbour contact. They are related to the undistorted decahedra by a single diamond-square-diamond rearrangement. 42 The structures for N \ 21 to 24 are similar to the 23-atom 12È6 global minimum, which is made up of two distorted face-sharing icosahedra. The 25-atom cluster is based on a fcc structure, but with the triangular face C 3v twisted to remove M100N facets. The 34-atom cluster resembles the decahedral 33-atom structure ; however, the additional atom causes one part of the cluster to distort. The 40-atom global minimum is based on an icosahedral structure with a Mackay overlayer (as for 12È6). However, a low-coordinationnumber atom in that structure has been absorbed into the surface. Similarly, the 56-and 57-atom clusters are based on the Mackay icosahedron. The Ðrst adatom adsorbs into the surface layer with an accompanying distortion, rather than occupying a three-coordinate site on the surface. The second adatom then occupies a four-coordinate site on the resulting distorted surface. Similar avoidance of structures with atoms of low coordination number has been seen in calculations for nickel by Wetzel and DePristo.43 The 62-and 63-atom structures are based on the 52-atom global minimum, which is a Mackay icosahedron with an edge removed. Two triangular faces are added over this missing edge.
How can these relatively disordered structures become global minima and why do they disappear at larger sizes ? Probably because most of these geometries are more spherical, have a larger number of nearest-neighbour contacts and involve fewer low coordination-number atoms than structures based on one of the ordered morphologies. However, this advantage is counterbalanced by the introduction of considerable strain. As the energetic penalty for the strain scales with the volume,15,44 it can only be accommodated at smaller sizes.
For the elements described by this potential there is a wealth of theoretical and experimental work to compare with our results, mainly due to the pioneering e †orts of Riley and coworkers on nickel clusters. First we compare our results to other theoretical studies, which use di †erent descriptions of the interactions. Of these studies the most comprehensive is that of DePristo and coworkers who used the corrected e †ec-tive medium theory to look at all clusters up to N \ 55. 43, 45 They found that at N \ 13 and 55 the favoured geometries were icosahedral. However, for many of the intermediate sizes, especially when the icosahedral structure at that size would involve a low-coordination-number surface atom, the global minima did not belong to any of the ordered morphologies. At some sizes these disordered structures appear to be the same as found in this study, for example N \ 15, 18 and 25. DePristo et al. 43 ,45 did not identify any of the global minima as close-packed or decahedral, although it seems that their 38-atom structure is in fact a distorted truncated octahedron. 9 Using a tight-binding model Lathiotakis et al. studied a selection of clusters with up to 55 atoms. 46 Of the structures they considered, they found that Mackay icosahedra were lowest in energy at N \ 13 and 55, but at some intermediate sizes fcc structures were lower in energy than icosahedral clusters. However, only a few structures were considered at each size and these may not include the global minima.
Montejano et al. used an embedded-atom potential to compare the energies of icosahedral structures, in particular to locate the size at which the transition from an anti-Mackay to a Mackay overlayer occurred.47 However, these results are not relevant to many sizes since theory and experiment suggest that other non-icosahedral structures are lowest in energy.
Hu et al. attempted to model the interatomic interactions using a long-ranged Morse potential. 48 As expected for a Morse potential with a range parameter16 they q 0 \ 3.54 observed icosahedral structures with an anti-Mackay overlayer up to N \ 40. However, a Morse potential is probably not a good approximation to the real nickel potential ; therefore these results di †er from experimental and other theoretical studies.
Most recently, Curotto et al. employed a tight-binding potential and performed systematic searches for global minima up to 14 atoms.49 Their lowest energy structure for is not icosahedral and they comment that the " growth Ni 13 pattern is nontrivial Ï. They suggest that the global minima show a preference for more uniform coordination of every atom rather than maximization of the total number of nearest-neighbour contacts.
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To further facilitate comparisons with experiment we have estimated the number of binding sites for nitrogen using the rules formulated by Parks et al. 6 These are : (1) binds N 2 directly to the nickel atoms ; (2) a nickel atom with a coordination number of four or less binds two molecules ; (3) N 2 nickel atoms with a coordination number of Ðve to eight bind one molecule ; (4) nickel atoms with a coordination N 2 number of nine bind molecules weakly or not at all and (5) N 2 nickel atoms with a coordination number of ten or more do not bind
To clarify rule (4) it has been found that for N 2 . smaller clusters can bind to a nine-coordinate atom, but N 2 for the larger clusters (N [ 49) no evidence has been found for this type of binding. The number of binding sites and the coordination number analysis for the 9È6 global minima are given in Table 2 . For the clusters with an ordered morphology the di †erentiation between nearest neighbours and nextnearest neighbours is clear. However, this di †erentiation becomes ambiguous for the disordered structures and so the coordination number analysis, and sometimes the number of binding sites, becomes dependent on the nearest-neighbour N 2 criterion that is used.
The magnetic moments of size-selected nickel clusters have been measured for all clusters up to N \ 200.4 For small N there is considerable variation of the magnetic moment with size. It was concluded that features at N \ 13 and 55 indicate an icosahedral structure. 4 However, it is difficult to decipher the structural information that is contained in other features of the magnetic moment size dependence.
Much less structural information is available for copper clusters. Recent experiments suggest that icosahedra predominate up to N B 2500 atoms and above this fcc clusters are more prevalent.55 Although that study encompasses clusters far larger than we consider here, our results are not inconsistent with this Ðnding.
Gold and platinum (SC 10-8) clusters
The 10È8 global minima are illustrated in Fig. 6 and the size dependence of the energies and are given in Fig. 7 . The * 2 E latter Ðgure shows a very di †erent pattern from that seen for the 12È6 or 9È6 clusters : there are no signatures due to icosahedral clusters. Although the 13-atom icosahedron is the global minimum, above this size there are no global minima with ordered icosahedral structures. Instead, Fig. 7(a) is dominated by features due to particularly stable close-packed and decahedral clusters. The 38-atom fcc truncated octahedron and the 75-atom Marks decahedron exhibit the deepest minima in Fig. 7(a) . There are also minima in the energy plot at N \ 64 and 71, due to incomplete Marks decahedra, and at N \ 50, 61 and 79, due to close-packed clusters. The 50-atom global minimum is the " twinned truncated octahedron Ï that is the global minimum for the SC 12È6 and 9È6 potentials. The 61-atom structure is a fragment of the 79-atom twinned truncated octahedron, which is the global minimum for the SC 12È6 and 9È6 potentials, and the 79-atom global minimum is a truncated octahedron. The 10È8 potentialÏs greater preference for fcc structures, rather than close-packed structures involving twin planes, is illustrated by the fcc global minimum at N \ 79. For N \ 54 to 56 fcc structures are also lowest in energy and the 59-atom close-packed structure with sym-T d metry is not the global minimum, in contrast to the SC 12È6 and 9È6 potentials.
As for the 9È6 potential, between N \ 13 and 55 there is a tendency to form structures that do not Ðt neatly into one of the ordered morphologies. In total there are 31 such structures compared to 25 for the SC 9È6 potential. The 14-and 21-atom structures are based on the SC 9È6 15-atom global Fig. 7(a) .
Many of the other disordered structures have, in part, the surface structure of an incomplete Mackay icosahedron, but are distorted in various ways, for example N \ 31, 36, 42, 44, 46, 48, 52 and 53. The 53-atom structure is based on the Mackay icosahedron with three adjacent vertices removed, an atom added in the centre of this incomplete face and accompanying distortions. The 52-atom structure is then formed simply by the removal of one atom.
The main work to which our results can be compared is that of Whetten and coworkers for gold clusters passivated by alkylthiolates.56h60 In these experiments the clusters selectively form speciÐc sizes, which were isolated by fractional crystallization. Each fraction has a narrow size distribution. The clusters presumably form these speciÐc sizes because of their stability. Furthermore, it is thought that the passivating surface layer does not perturb the structure signiÐcantly. If this is true then the observed structures reÑect those of the free clusters.
Most of the cluster sizes formed were close to those expected for truncated octahedra.56,61 For the smallest sizes detailed structural investigations were made by comparing experimental X-ray di †raction patterns with those calculated from structural models. This comparison led to the identiÐca-tion of the fractions with N B 75, 101 and 146 as Marks decahedra,57,79 and those with N B 225, 459 as twinned truncated octahedra. 58 Recently, a fraction with N B 38 has also been isolated ; the di †raction patterns suggest that it is the fcc truncated octahedron. 60 Our results for SC 10È8 agree very well with these experimental data. The two clusters observed experimentally for N O 80 are the two that we Ðnd to be the most stable, namely the 38-atom truncated octahedron and the 75-atom Marks decahedron.
Cleveland et al. have performed a number of theoretical studies to interpret the experimental results on passivated gold clusters.58,59 They used an embedded-atom potential and looked at several sequences of structures. As in the present study, they found that truncated octahedra and Marks decahedra were most stable. They also found that introducing a twin plane into a truncated octahedron leads to an increase in energy ; for example, for N \ 79 the fcc structure was O h slightly lower in energy than the twinned structure. This D 3h trend seems to disagree with the experimental resultsÈat N B 225, 459 the di †raction patterns seem to suggest that the structure has a twin plane. Garzo n and Posada-Amarillas also used the embedded-atom method to look at a 55-atom cluster.62 They found that a disordered structure was lower in energy than the icosahedron.
We also note that at N \ 55 the fcc cuboctahedron is not the global minimum ; it actually lies 78.1e above the fcc global minimum. In connection with this comment, it is interesting that a recent investigation of ligated 55-atom gold clusters, which were originally thought to be cuboctahedral,63,64 seems to disprove this structural assignment. 65 The only calculations for platinum that are relevant to our results are by Sachdev et al.66, 67 For clusters with up to 60 atoms they found that the lowest energy structures were disordered. In particular at N \ 55 these structures were lower than the icosahedron and cuboctahedron. These results have some overlap with ours but it is not clear whether Sachdev et al. found the global minima for the larger sizes.
Conclusions
In this paper we have found the likely global minima for clusters with up to 80 atoms whose interactions are described by the SC family of potentials. These potentials can be used to model silver, rhodium, nickel, copper, gold and platinum clusters. The results are encouraging, in that the most stable structures generally appear to agree with experiment. For nickel clusters the 13-and 55-atom Mackay icosahedra, the 38-atom truncated octahedron and the 75-atom Marks decahedron are particularly stable. The former three clusters have been unambiguously identiÐed in experimental studies of chemical reactivity using nitrogen as a probe molecule and it would be interesting to see if extensions of these experiments to N \ 75 could identify the Marks decahedron. For gold clusters we Ðnd the 38-atom truncated octahedron and the 75-atom Marks decahedron to be particularly stable ; Whetten and coworkers have isolated both these clusters passivated by alkylthiolates.56h60
Our results should also be useful in aiding structural assignments from experimental data on size-selected clusters and in providing candidate structures for calculations using more sophisticated descriptions of the interactions. For this reason the conÐgurations of all global minima will be made available from the Cambridge Cluster Database.32 However, it would be surprising if these empirical potentials could accurately reproduce all the intricacies of a particular cluster growth sequence. This is especially true when the energy di †erences between competing structures are small. In such cases the character of the global minimum will be particularly sensitive to the accuracy of the potential.
Given the uncertainties in any empirical potential, it is useful to compare the results obtained with di †erent forms. Additional weight can then be given to those structural predictions that are common to a number of potentials, and where there is disagreement one can then look to more sophisticated calculations to provide a solution. For conÐdent structural conclusions to be made from calculations using a higher level of theory one needs to compare the results from the reoptimization of a variety of potentially low energy structures. Global and low energy minima from a variety of potentials will help to provide such a database of candidate structures. For these reasons the results we describe here are complementary to previous work using di †erent model potentials.
When comparing the structures described here to experiment, aside from possible inaccuracies in the potential, it should also be remembered that the global minimum is only rigorously the free energy global minimum at absolute zero. At Ðnite temperature entropic e †ects may play a role in determining the most stable structure. These entropic e †ects are most likely to be inÑuential when the energy gap between the global minimum and other low energy minima is small. For example, it has been shown that for a 38-atom LennardÈJones cluster the structure changes from fcc to icosahedral as the temperature increases.27 Similarly, for a 75-atom Morse cluster with a medium-ranged potential there is a transition from a Marks decahedron to icosahedral structures.15 Both these transitions stem from the larger entropy of the icosahedra ; there are many icosahedral minima that have energies just above the global minimum, whereas there is a large energy gap between the global minimum and the next lowest energy minimum with the same morphology. When energy di †erences between low energy structures are small experiments are likely to detect multiple isomers at relatively low temperatures.
Finally, the results presented here further illustrate the power of the " basin-hopping Ï or Monte Carlo minimization global optimization algorithm.26 This method has enabled us to locate global minima with some conÐdence for systems with up to 240 degrees of freedom, many of which exhibit a multiple funnel potential energy surface topography.
